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Premise of research. Successful conservation efforts require clearly delineated species in order to direct resources 
to conserve threatened populations. Hybridization and admixture can complicate efforts to determine species bound-
aries, and hybrid individuals are often regarded as abnormal or unimportant in a conservation context. This is despite 
many examples demonstrating that hybridization can be crucial for adaptation, especially within plants. Here, we 
describe our research delineating species boundaries in a group of red oaks found in the Chisos and Davis Mountains 
of west Texas, with a focus on Quercus tardifolia, the lateleaf oak, which was thought to have gone extinct in 2011 
before its identification in Big Bend National Park in 2022 and other locations thereafter. 

Methodology. Restriction site–associated DNA sequencing was used to genotype 166 red oaks, with sam-
pling focused on Q. tardifolia and other potentially interbreeding species. Admixed individuals were identified 
using two different clustering approaches, and phylogenetic networks were used to model past hybridization 
events and provide validation that admixed individuals are in fact hybrids. We used comparisons of heterozy-
gosity and the NewHybrids software as a further validation of hybridization and conducted flow cytometric 
analyses to assess ploidy levels in different lineages. 

Pivotal results. Our results across analyses consistently inferred all sampled wild Q. tardifolia individuals 
to be hybrids of lineages composed primarily of Q. gravesii and Q. hypoleucoides, with genetic patterns most 
resembling those of an F1 hybrid class. Admixture was also observed in other taxa, but more extensive sampling 
efforts are required to better characterize the relationships in this group of red oaks. 

Conclusions. While our findings indicate that Q. tardifolia is likely not a distinct species, more research is 
needed to determine its true abundance on the landscape and its importance in interspecific introgression or 
adaptation within this species complex. 
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Introduction 

Clear species delimitation aids effective conservation by al-
lowing for the assessment of threatened populations and the 
appropriate allocation of limited resources (Mace 2004). 
Threat assessment approaches, legal frameworks, and public 
perception of biodiversity often operate at the species level 
(Piett et al. 2015; Noss et al. 2021). However, hybridization 
and introgression can make it difficult to determine species 
boundaries, thereby challenging conservation efforts (Stan-
ton et al. 2019; Parmesan et al. 2023). This is especially true 
when species are only weakly diverged or when gene flow 
from other species shapes genomic, morphological, or ecolog-
ical diversity, as is common in many plant species (Mallet 
2005), and notoriously so in the genus Quercus L. (Trelease 
1917; Kremer and Hipp 2020). 

Oaks have long been a model group for examining hybridiza-
tion and the nature of species (MacDougal 1907; Palmer 1948; 
Tucker 1961; Burger 1975; Petit et al. 2004; Curtu et al. 2007) 
and consequently have been valuable for interrogating assump-
tions surrounding species boundaries and gene flow (McVay 
et al. 2017b). They are also highly phenotypically variable within 
species, as a result of both genetic variation and plastic varia-
tion, further compounding taxonomic challenges (Darwin 1872; 
Cowan and Baranski 1976; Rubio De Casas et al. 2007; Desmond 
et al. 2021). Beyond their relevance for understanding hybridiza-
tion and speciation, oaks are significant ecologically (Cavender- 
Bares 2019), economically (Cavender-Bares et al. 2022; Frankel 
et al. 2022), and culturally (Leroy et al. 2020). Since approxi-
mately 30% of oak species are threatened with extinction 
(Carrero et al. 2020), they serve as an important group for un-
derstanding how to implement effective conservation despite 
unclear species boundaries. In the face of oaks’ variable mor-
phology and interspecies gene flow, genomic approaches have 
emerged as a critical tool for supporting or refining oak taxon-
omy and informing conservation priorities. 

In west Texas, taxonomic descriptions of Quercus have noted 
the “extreme variation” in morphology that has made it “difficult, 
if not impossible” to identify species (Muller 1940, p. 703). In 
2019, the Conservation Gap Analysis for US Oaks (Beckman 
et al. 2019) noted that the three US oaks of greatest conservation 
concern—Q. graciliformis C.H. Mull., Q. robusta C.H. Mull., and 
Q. tardifolia C.H. Mull.—are all located in this oak biodiversity 
hot spot (fig. S1 [figs. S1–S12 are available online]). Reflecting the 
ambiguity first observed by C. H. Muller and others, the gap 
analysis report noted “the lack of an articulate, comprehensive 
taxonomic study” (p. 188) as one of the greatest barriers to con-
servation of these rare species and that Q. tardifolia in particular 
“has serious taxonomic questions that need to be addressed to 
confirm its status as a true species” (p. 28). Quercus tardifolia was 
described from the type collection in 1936 and, through 1951, was 
known only from the type locality, making it difficult to assess its 
status (Muller 1951). Moreover, Q. tardifolia has been considered 
to be a possible hybrid between Q. gravesii Sudw. and Q. hypo-
xantha Trel., which in turn is closely related to Q. miquihuanensis 
Nixon & C.H.Mull. (Jensen 1997). Thus, the genetic status of the 
species is in question but has never been tested using molecular data. 

Quercus tardifolia was thought to have gone extinct in 
2011 (Knapp et al. 2021; Renault 2021). However, a targeted 

expedition in 2022 recovered single living individual in Big 
Bend National Park matching the description of Q. tardifolia 
and quite close to the type locality (Renault 2022). Addi-
tional putative Q. tardifolia individuals were located during 
subsequent field surveys (September 2022, March 2023, and 
October 2023) of the Davis Mountains of west Texas. These 
discoveries allow for a broader assessment of the genetic 
characteristics of Q. tardifolia and an understanding of how 
Q. tardifolia relates to more abundant Texas red oaks (such 
as Q. gravesii, Q. emoryi, and Q. hypoleucoides; see fig. 1). 

As genetic data have become more widely available from 
wild populations (DeSalle and Amato 2004; Andrews et al. 
2016), several classes of techniques based on different under-
lying models have been developed for resolving species 
boundaries and characterizing hybrid individuals. A classical 
method is to infer hybrid individuals based on elevated levels 
of heterozygosity compared to parental lineages (Barton and 
Hewitt 1985; Harrison 1986), an approach that remains use-
ful today (Fitzpatrick 2012; Muniz et al. 2020), particularly 
for early-generation hybrids. More recently developed clus-
tering techniques relying on allele frequencies (Pritchard et al. 
2000; Falush et al. 2003; Rosenberg et al. 2003; Alexander 
et al. 2009) and multivariate, model-free approaches (Patter-
son et al. 2006; Novembre and Stephens 2008; Ma and Amos 
2012) that group individuals according to their genetic similar-
ity. Other approaches use model-based methods to assign indi-
viduals to hybrid classes (e.g., F1, F2, backcross) based on their 
genotypes (Anderson and Thompson 2002), which is valuable 
for understanding the origins of introgression and hybrid fer-
tility. Finally, phylogenetic approaches based on multispecies 
network coalescent models estimate species-level evolutionary 
history and inheritance probabilities in hybridized lineages 
(Degnan 2018; Wen et al. 2018). 

These types of genetic assessments can determine whether tax-
onomic divisions between species align with genomic patterns, 
which can clarify aspects of hybrid individuals, such as their 
hybrid class (Payseur and Rieseberg 2016; Hausdorf 2025). The 
development and proliferation of the approaches described above 
have renewed discussion of species concepts and which crite-
ria are necessary for species delimitation (De Queiroz 2007; 
Rannala 2015; Huang 2020). While there is no universally 
adopted set of criteria for delimiting species (Mayden 1997), 
species concepts based on genotypic groups (Mallet 1995, 2020) 
are well suited for the clustering approaches described above 
and accommodate the recognition of distinct species despite 
continuous gene flow in sympatry (Burger 1975). Crucially, the 
utilization of multiple approaches based on different underlying 
assumptions and models is necessary for validating findings and 
classifying species confidently (Carstens et al. 2013). 

An additional important consideration in the assessment of hy-
bridization is polyploidy, since the ploidy levels of hybrid individ-
uals may partially explain their origins or persistence on the 
landscape. While polyploidy has played a central role in hybridiza-
tion and species diversification in plants generally (Soltis and Soltis 
2009; Alix et al. 2017), there are no known polyploid oak species. 
Isolated reports of polyploidy in Quercus are documented (Burda 
and Shchepotiev 1973; Butorina 1993), with the frequency of 
triploids in wild populations reported to be less than 1% (Dzialuk 
et al. 2007), but these have largely centered on European species 
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(Q. robur L. and Q. petraea Matt. Liebl.) and have not been found 
to coincide with interspecific hybridization. Diploidy and chromo-
some number are widely conserved across oaks (Sax 1930) and are 
rarely examined in oak hybridization studies, but the potential for 
polyploid hybrid lineages within the genus could carry significant 
implications, especially given increased reproductive isolation be-
tween a polyploid hybrid and its parental species. 

Here, we use restriction site–associated DNA sequencing 
(RADseq) data and a range of different genetic analyses to clar-
ify the species boundaries in west Texas red oaks (Quercus sect. 
Lobatae Loud.), following the genomic cluster species concept 
(Mallet 2020) and with a particular emphasis on Q. tardifolia. 
We evaluate how Q. tardifolia is related to other taxa on the 
landscape, whether it is a genetically distinct taxonomic entity, 
and which taxa are contributing to the genetic makeup of Q. 
tardifolia if it is found to be admixed. By providing the first pop-
ulation genetic assessment of the west Texas red oaks, we aim to 
disentangle the relations in this area of potentially many inter-
breeding species and inform future conservation efforts of the 
rare taxa included in these analyses. 

Material and Methods 

Sample Collection 

Samples were collected on multiple sampling trips from 
2021 to 2023. Taxa were chosen for analysis based on which 

species are sympatric with Quercus tardifolia; additional se-
quencing data from species of interest or species presumed 
to be closely related to Q. tardifolia (Hipp et al. 2020) were 
also included. Taxa were included to test for interspecific 
gene flow involving co-occurring red oak species (Quercus 
sect. Lobatae), which are all potential hybridizers, and to 
assess the genomic coherence of the most significant co- 
occurring species and close relatives—Q. gravesii, Q. emoryi 
Torr., Q. hypoleucoides A. Camus, and Q. scytophylla Liebm.— 
across much of their range, including both Arizonan and Mex-
ican populations of those species where possible. Finally, we 
sought to test the hypothesis that Q. tardifolia is a hybrid be-
tween Q. gravesii and Q. hypoxantha. 

Contemporary samples were collected to document the mor-
phological, ecological, and geographic variation throughout 
the range of Q. tardifolia as currently understood ( Jensen 
1997). Timed, meandering surveys were conducted on both 
public and private lands based on expert review and on-the- 
ground knowledge of species occurrences, supplemented by 
review of specimens (Sul Ross State University herbarium 
[SRSC]). 

Our complete sample set was ultimately composed of 166 in-
dividuals and one technical replicate, including 10 individuals 
classified as Q. tardifolia or Q. aff. tardifolia, based on morphol-
ogy; individuals from Q. gravesii, Q. graciliformis, Q. emoryi, 
Q. miquihuanensis, and others; and several samples of question-
able identity, including putative hybrids (table A1 [tables A1 

Fig. 1 Partial range maps for Quercus gravesii and Q. hypoleucoides, with sampling localities for individuals from both species as well as 
Q. tardifolia. Sampling locations of known Q. gravesii # hypoleucoides individuals not included. The ranges for Q. gravesii and Q. hypoleucoides 
were taken from shapefiles (Petry and Taylor 2025) based on ranges described in Little (1971). Note that the ranges shown here are partial and do 
not represent the entire known extent of either species.  
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and A2 are available online]), among them seven samples 
identified as Q. gravesii # hypoleucoides (Muller 1951; syn. Q. # 

inconstans E.J. Palmer; see fig. S2). Our sample set also in-
cluded four herbarium specimens: three of Q. tardifolia, includ-
ing the type specimen, and one of a putative Q. hypoxantha # 

gravesii. 

Library Preparation and Sequencing 

DNA was extracted from fresh, frozen, and herbarium ma-
terial using the DNeasy plant extraction protocol (DNeasy, 
Qiagen, Valencia, CA), with modifications previously used 
in other oak studies (Hipp and Weber 2008; Mohn et al. 
2026). DNA concentrations were determined using the Qubit 
dsDNA HS assay kit. All extractions were diluted to a final 
concentration of 10 ng/mL (100 mL, total DNA 1 mg). Diluted 
extractions were visualized in 1.5% agarose gels using Invit-
rogen 1 Kb Plus DNA ladder as the standard to estimate DNA 
fragment length distributions of each sample. Following quan-
tification, DNA extractions were sent to Floragenex for final 
library preparation and sequencing following Baird et al. 
(2008). All samples were digested using the PstI restriction 
enzyme, and all new material was sequenced on an Illumina 
NovaSeq 6000. 

Genotyping 

Genotyping was conducted using Stacks 2 (ver. 2.65; here-
after, “Stacks”; Rivera-Colón and Catchen 2022), and subse-
quent bioinformatic analyses were run using packages within 
the R environment (ver. 4.2.2; R Core Team 2022) and other 
software, as described below. Stacks is a commonly used ge-
notyping software in population genetic analyses and was 
chosen to allow for control over filtering parameterization 
and particularly different levels of missing data, which can 
significantly impact the results of genetic analyses (Hodel 
et al. 2017). Other software used in analyses is cited accord-
ingly; all scripts used for analyses are available on GitHub 
(https://github.com/HobanLab/QUTA_TxRedOaks), and re-
leases of the code are versioned and archived on Zenodo 
(https://doi.org/10.5281/zenodo.18306919). 

Raw demultiplexed reads were processed in FastQC (An-
drews 2010) and Stacks to assess sequencing quality. The 
process_radtags script in Stacks was used to remove reads 
with uncalled bases and discard reads with low-quality scores. 
After quality checking, reads were aligned to the Q. rubra 
reference genome (ver. 2.1; Kapoor et al. 2023) using BWA- 
MEM 0.7.17 (Li and Durbin 2009), which has been shown 
to perform well compared to other aligners for read lengths 
under 500 bp (Musich et al. 2021). Use of the Q. rubra refer-
ence has the added benefit of minimizing mapping bias, as the 
species is closely related to but not conspecific with any of our 
ingroup samples (Mohn et al. 2026). The Stacks ref_map.pl 
script was then used to build libraries based on reference 
alignments. 

The Stacks populations script was run multiple times to 
generate different subsets of samples for different downstream 
analyses. An initial run using all samples, an -R parameter 
(minimum percentage of individuals in which a locus must 
be present to be included in the dataset) of 97%, and a minor 

allele frequency threshold of 1% was used to evaluate the 
extent of sequencing error based on the replicate sample 
(Mastretta-Yanes et al. 2015), identify samples with poor 
coverage, and assess general clustering patterns (see “Cluster-
ing”). Missing data filters for subsequent runs of the popula-
tions script are specified below. For all runs of the populations 
script, no groupings were specified within the popmap file 
(i.e., all samples were specified as belonging to the same “pop-
ulation”), and only the first single-nucleotide polymorphism 
(SNP) per locus was used (–write-single-SNP). 

Clustering 

We used the software STRUCTURE (Pritchard et al. 2000) on 
various subsets of our data as a starting point for determining 
how genetically distinct Q. tardifolia individuals were from 
other west Texas red oaks. For all STRUCTURE runs, 20 repli-
cates per K value were specified, and the burn-in and number of 
Markov chain Monte Carlo replicates were each set to 100,000 
according to Gilbert et al. (2012). The default admixture (0, 
modeling admixture) and allele frequency models (l p 1) were 
used, as were default values for all other parameters. The soft-
ware CLUMPAK (Kopelman et al. 2015) was used to summa-
rize results across replicate STRUCTURE runs and generate 
CLUMPP files (Jakobsson and Rosenberg 2007), which were 
visualized using a custom script in R. For each STRUCTURE 
run, the “Best K” module in CLUMPAK was run to determine 
optimal K values using two approaches: the Evanno method 
(Evanno et al. 2005) and by determining the K value with the 
greatest likelihood (as described in the STRUCTURE manual; 
Pritchard et al. 2010). 

A preliminary STRUCTURE run of the complete dataset 
(dataset 1) was used to assess general clustering patterns, while 
a run of a subset of 84 individuals (dataset 2; see “Clustering 
Analyses” column in table A1) was used to highlight clustering 
patterns within Q. tardifolia (based off of preliminary results 
in the complete dataset) and to better control for unbalanced rep-
resentation of different taxa in the complete dataset (Puechmaille 
2016; Meirmans 2019). A STRUCTURE run including solely the 
individuals used for hybrid class assignment and heterozygosity 
comparisons was also performed (dataset 3; see “Hybrid vs. Pa-
rental Comparisons” column in table A1), to further validate sig-
natures of hybridization in this set of individuals. Dataset 1, 
including all individuals, explored K values from K p 2 to K p 

11 and used a missing data filter of R97, leading to 12,123 loci. 
Dataset 2 explored K values from K p 2 to K p 7 and used a 
missing data filter of R98, leading to 9954 loci available. Data-
set 3 explored K values from K p 2 to K p 7 and used a missing 
data filter of R98, leading to 23,740 loci available, of which 
10,000 were randomly selected and included in analyses (for 
computational feasibility). All missing data filter values were 
chosen to minimize the level of missing data while still retaining 
greater than 5000 loci. 

To validate our STRUCTURE results, STRUCTURE data-
sets 2 and 3 were also processed using principal component 
analysis (PCA), a model-free approach that makes no as-
sumptions regarding Hardy-Weinberg equilibrium or linkage 
disequilibrium. The adegenet package (ver. 2.1.10; Jombart 
2008) was used to read in Stacks output files and run the 
PCA. Additionally, we calculated FST (Weir and Cockerham 
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1984) to provide a quantitative estimate of the differentiation 
between the dominant taxa in our analyses. We selected four 
taxa (Q. gravesii, Q. hypoleucoides, Q. tardifolia, and Q. 
emoryi) based on their prevalence in our complete sample set 
and the clusters identified in our PCA analysis of dataset 2 
(see “FST Calculations” column in table A1). The Stacks 
populations module was used to generate a genepop object 
(using a missing data filter of R98, leading to 7317 loci), which 
was passed onto the dartR package (ver. 2.9.7; Gruber 
et al. 2018) to calculate pairwise FST values between groups 
(2000 bootstraps). 

Hybridization Analyses 

Following our clustering analyses, we sought to better ex-
plain patterns of hybridization within Q. tardifolia individuals 
seen in STRUCTURE and PCA results. Even after correcting 
for uneven sampling, STRUCTURE and similar approaches 
can represent groups made up of relatively few individuals as 
admixed, with ancestry coming from other larger groups sub-
ject to greater genetic drift (Lawson et al. 2018). To minimize 
the risk that small populations were being falsely inferred as 
admixed, we used a phylogenetic network method, compari-
sons of heterozygosity, and assignment of individuals into hy-
brid classes to validate signatures of hybridization in our 
dataset, as described below. 

Phylogenetic network. The program SNaQ (Species Net-
works applying Quartets; Solís-Lemus and Ané 2016) was 
used to build a phylogenetic network and corroborate signs 
of hybridization in our dataset using a multispecies network 
coalescent model. A phylogenetic network is a structure sim-
ilar to a phylogenetic tree but allows for modeling the transfer 
of genetic material between distinct lineages through pro-
cesses such as hybridization and introgression. 

To generate a phylogenetic network, a subset of the indi-
viduals included in our STRUCTURE run were selected to 
represent five different groups, based on the clusters observed 
in our STRUCTURE results: gravesii, hypoleucoides and 
scytophylla, emoryi, tardifolia, and an outgroup including 
hypoxantha and miquihuaensis individuals. Seven individu-
als classified as Q. tardifolia or Q. aff. tardifolia were in-
cluded in the Q. tardifolia group; for the other four groups, 
the least admixed individuals according to our STRUCTURE 
analysis of dataset 2 were selected (using a Q value threshold 
of 0.9 at K p 4; see “Phylogenetic Network” column in ta-
ble A1). A variant call format (VCF) file including these indi-
viduals was generated using the Stacks populations script. 
This VCF file was converted into a table of concordance fac-
tors (values quantifying the proportion of gene trees with 
identical topologies as the species tree) using the SNPs2CF 
R function (Olave and Meyer 2020). Concordance factors 
were provided to SNaQ to generate a phylogenetic network 
and estimate ancestry percentages for modeled hybrid lin-
eages. Networks were inferred using three different values for 
the maximum number of allowed hybridization events (zero, 
one, and two), and the suitability of different networks was 
assessed using log pseudolikelihood scores. 

Heterozygosity comparisons. Given signatures of hybridi-
zation, we sought to evaluate whether Q. tardifolia individuals 
had statistically higher observed heterozygosity (HO) compared 

to putative parental taxa (Q. gravesii and Q. hypoleucoides), 
as expected in F1 hybrids (Fitzpatrick 2012). To do so, the dartR 
package was used to read in a VCF file and calculate HO values in 
Q. tardifolia individuals and groups composed of parental indi-
viduals. Seven individuals classified as Q. tardifolia (or Q. aff. 
tardifolia) were included in the Q. tardifolia group; for Q. 
gravesii and Q. hypoleucoides groups, the least admixed individ-
uals (Q values 1 0.9 at K p 4) in each cluster according to our 
STRUCTURE analysis in dataset 2 were selected (see “Hybrid 
vs. Parental Comparisons” column in table A1). Welch’s t-test 
was used to determine whether HO values were significantly 
higher in the Q. tardifolia group than in either parental group. 

The R package triangulaR (ver. 0.0.1; Wiens et al. 2025) 
was used to visualize the relationship between interclass het-
erozygosity (the proportion of loci heterozygous for ancestry 
between modeled parental species) and hybrid index (the pro-
portion of alleles inherited from a single modeled parental 
species) strictly using ancestry informative markers (AIMs), 
alleles with large frequency differences between the putative 
parental taxa (here, Q. gravesii and Q. hypoleucoides). The 
same individuals included in the t-test were used for this anal-
ysis, and three allele frequency difference thresholds (0.75, 
0.9, and 1.0) were explored. 

Designation of hybrid classes. While the clustering ap-
proaches described above (STRUCTURE and PCA) are capable 
of identifying admixed individuals, they are ill suited for distin-
guishing hybrid classes based on admixture patterns, such as 
those shown by F2 hybrids or more complex backcrosses (Ander-
son 2008). Therefore, to better characterize the hybrid nature of 
Q. tardifolia individuals and to complement our heterozygosity 
comparisons, we used the NewHybrids software (ver. 1.1 Beta 3; 
Anderson and Thompson 2002) to estimate posterior probabil-
ities of individual assignment to different hybrid classes. We ran 
NewHybrids using the same set of individuals included in our 
heterozygosity comparisons (see table A1) and using the 211 loci 
identified by triangulaR to be fixed for differences (allele fre-
quency difference thresholds of 1.0) between the Q. gravesii and 
Q. hypoleucoides groups. We specified a 50,000 iteration burn- 
in and 500,000 sweeps and utilized the six default genotype fre-
quency classes (corresponding to pure Q. gravesii, pure Q. 
hypoleucoides, F1 hybrids, F2 hybrids, backcrosses with Q. 
gravesii, and backcrosses with Q. hypoleucoides). 

Polyploidy assessment. Because the initial results of our 
clustering and hybridization analyses indicated Q. tardifolia 
being composed exclusively of F1 hybrids, we were motivated 
to investigate the ploidy levels in our dataset, to determine 
whether polyploidy in these hybrid individuals could be con-
tributing to reproductive isolation. The ploidy status of differ-
ent taxa was assessed with two approaches using different 
sample sets: flow cytometric analyses and bioinformatic as-
sessments of SNP data (see below). 

Polyploidy assessment—flow cytometric analyses. Most 
of the samples used in the flow cytometric analyses were distinct 
from those used for bioinformatic analyses; sample information 
can be found in table S4 [tables S1–S4 are available online]. At 
least three distinct plants were sampled for each species of inter-
est (Q. tardifolia, n p 5; Q. hypoleucoides, n p 3; Q. gravesii, 
n p 3). Plant samples were prepared by co-chopping 2 cm2 of 
Quercus fresh leaf or bud tissue with an equivalent amount of leaf 
tissue from the reference standard Pisum sativum “Ctirad” with 
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a double-edged razor blade in a petri dish containing 400 mL of 
extraction buffer (CyStain Precise P, Sysmex Corporation). Sam-
ples were then filtered through 50-mm nylon mesh into a cuvette, 
and 1600 mL of DAPI staining buffer (CyStain Precise P, Sysmex 
Corporation) was added. Samples were then processed for rela-
tive genome size estimates using a Quantum P Flow cytometer 
(Quantum Analysis, Münster, Germany). Each sample was re-
peated four times (n p 4). Relative genome size calculations were 
made for ploidy estimation by using DAPI and the reference stan-
dard Pisum sativum “Ctirad” (2C-value p 8.66 pg; Nix et al. 
2024). Relative genome sizes were compared to measurements 
from Q. rubra because of the existing evidence of diploidy (esti-
mated relative 2C-value p 1.95 pg; Kapoor et al. 2023) and rel-
ative genome size comparisons (Bai et al. 2012). Relative size 
estimates for unknowns observed between 1.80 and 2.00 pg were 
estimated to be diploids. 

Polyploidy assessment—bioinformatic analyses. The soft-
ware nQuire (Weiß et al. 2018) was used to estimate the like-
lihood of different ploidy models for each individual given 
their allele frequency distributions at variant sites with only two 
segregating bases. Compressed alignment files (in the .bam for-
mat) were converted into binary files using the nQuire create 
command and the default filtering parameters and minimum 
coverage threshold of 20#. Binary files were then denoised and 
passed along to the nQuire lrdmodel command to generate delta 
maximized log likelihood values for each ploidy scenario in each 
sample. 

Results 

Genotyping 

After sequencing and demultiplexing, an average of 7.3 mil-
lion (M) reads per individual (minimum, 46,516; maximum, 
22.6 M) were obtained. After filtering and alignment to the 
Quercus rubra reference genome, an average of 3.0 M reads per 
individual (minimum, 13,813; maximum, 7.6 M) were retained 
for further analyses (table A1), with an average sequencing cov-
erage across samples of 37.6# 5 14.4# for the RADseq loci. 
Because of low numbers of reads (!1 M), four samples were 
excluded from most downstream analyses: two Q. tardifolia 
herbarium specimens (SYST-MOR-0006655 and SYST-MOR- 
0006657) and two Q. miquihuaensis samples (SYST-MOR- 
0007336 and SYST-MOR-0007341; see table A1). However, 
these were included in the initial STRUCTURE run of all 
samples and in the bioinformatic analyses of polyploidy (see 
“Clustering” and “Polyploidy Assessment”). 

Clustering 

STRUCTURE. Initial STRUCTURE runs including all sam-
ples (dataset 1; figs. S3, S4) indicate admixture in numerous 
individuals, including all individuals identified as Q. tardifolia, 
at the optimal K values (Evanno, K p 4; maximum likelihood, 
K p 6; see table S1). A sample set with more balanced repre-
sentation of different taxa (dataset 2) highlights signals of hybrid-
ization in Q. tardifolia (figs. S5, S6), especially at the Evanno 
optimal K value of 4 (fig. 2), which we found to be the minimal 
K value that adequately represents divisions seen at higher K val-
ues. Other taxa (such as Q. graciliformis, Q. robusta, and Q. 

canbyi) also show signs of admixture in this clustering analysis, 
although future analyses with more focused sampling of these 
groups would be ideal to verify these characterizations. Our sam-
ple set focused on Q. tardifolia and the indicated parental species 
(dataset 3) reinforces signals of hybridization seen in larger 
STRUCTURE runs, with Q. tardifolia individuals appearing as 
F1 hybrids (approximately 50∶50 ancestry proportions) between 
clusters composed of Q. gravesii and Q. hypoleucoides (fig. S7). 

Principal component analysis and FST. Clustering patterns 
in our PCA of dataset 2 (figs. 3, S8 for version including all 
84 samples) largely reinforce those shown in our STRUCTURE 
analyses. Quercus tardifolia clusters with known Q. gravesii # 

hypoleucoides hybrids, separated between Q. gravesii and 
Q. hypoleucoides clusters along PC axis 1, while clusters of 
Q. hypoleucoides and Q. emoryi are separated along PC 
axis 2. Additionally, Q. graciliformis individuals are distrib-
uted between clusters composed of Q. gravesii and Q. emoryi 
along PC axis 1, supporting the admixture patterns seen within 
this group in figure 2. Similarly, our PCA of dataset 3 shows Q. 
tardifolia positioned between clusters composed of Q. gravesii 
and Q. hypoleucoides, which are separated along PC axis 1 
(fig. S9). These results, along with patterns of F1 hybrid status 
for Q. tardifolia individuals in our STRUCTURE analyses, 
motivated our exploration of the hybrid nature of Q. tardifolia 
(see “Hybridization Analyses”). In correspondence with our 
clustering results, FST values indicate Q. tardifolia as being only 
weakly differentiated from clusters composed of Q. gravesii and 
Q. hypoleucoides, which are moderately differentiated from 
each other and from Q. emoryi (fig. S10). 

Hybridization Analyses 

Phylogenetic network. Reflecting results from our cluster-
ing analyses, the optimal phylogenetic network modeled by 
SNaQ (maximum one hybridization event allowed; negative log 
pseudolikelihood 2079.60) represents Q. tardifolia as a hybrid 
lineage (fig. 4). The network modeled using zero hybridization 
events had poorer fit (negative log pseudolikelihood 7849.03); 
when a maximum of two hybridization events was allowed, a 
network with an identical topology, hybrid edge position, and 
pseudolikelihood score was generated (data not shown). In the 
optimal network, the modeled hybrid edge (blue arrow) runs 
from an ancestral population of Q. gravesii to the Q. tardifolia 
group, which is sister to Q. hypoleucoides, with the proportion 
of Q. gravesii ancestry estimated to be 45.28%. 

Heterozygosity comparisons. Welch’s t-tests confirm that 
mean heterozygosity is significantly higher in the group made 
up of Q. tardifolia (mean HO p 0:15) than in the group com-
posed of Q. gravesii (mean p 0:12) and the group composed 
of Q. hypoleucoides (mean p 0:08; see table S2). Triangle plots 
illustrate similar patterns of F1 hybridization, with Q. tardifolia 
individuals showing higher interclass heterozygosity than pa-
rental groups regardless of the allele frequency threshold used 
(figs. 5, S11, S12). 

Designation of hybrid classes. For all individuals, the max-
imal probability for hybrid class assignment is estimated by 
NewHybrids, and all Q. tardifolia/Q. aff. tardifolia individuals 
are estimated to be F1 hybrids with the exception of SYST- 
MOR-0007272, which is estimated to be a backcross with Q. 
hypoleucoides (table S3). The assignment of this individual to 
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the Q. hypoleucoides backcross hybrid class corresponds to re-
sults in our heterozygosity comparisons, which show SYST- 
MOR-0007272 having a larger hybrid index (closer to values 
corresponding to the Q. hypoleucoides group) and lower inter-
class heterozygosity than the other Q. tardifolia individuals. 

Polyploidy assessment. Mean 2C-values for Q. tardifolia 
range from 1.89 to 2.00 pg (table S4). Quercus hypoleucoides 
measurements range from 1.88 to 1.94 pg and Q. gravesii from 
1.91 to 2.00 pg. All individuals included in these flow cytomet-
ric analyses were estimated as diploids with mean 2C relative 
genome sizes within the diploid range of 1.80 to 2.00 pg 
(minimum p 1:88 pg; maximum p 2:00 pg). 

Using nQuire, 93.98% (156/166) of samples were modeled as 
diploid, including all seven of the wild-collected Q. tardifolia and 
Q. aff. tardifolia individuals, two herbarium specimens, and all 
seven known Q. gravesii # hypoleucoides hybrids (table A2). 
Of the 10 individuals not modeled as diploids, four have rela-
tively low mean weighted coverage (!10#): two of the herbarium 
specimens (one Q. tardifolia and one Q. hypoxantha # gravesii) 
and two of the Q. miquihuanensis individuals. Of the six remain-
ing nondiploid samples, three (one Q. hypoxantha and two Q. 
emoryi) were modeled as triploids, and three (one Q. scytophylla 
and two Q. emoryi) were modeled as tetraploids. These individ-

uals tended to have lower differences in the delta maximum log 
likelihood values between their most and least supported ploidy 
models, suggesting that our nQuire results are less reliable for 
these samples.  

Discussion 

The results of separate analyses—population genetic cluster-
ing approaches, phylogenetic network analysis, and compari-
sons of heterozygosity—all support the hypothesis that the 
specimens of the rare oak Quercus tardifolia sampled in this 
study are homoploid hybrids between Q. gravesii and Q. 
hypoleucoides or close relatives. A hybrid origin for Q. tardifolia 
has been hypothesized in the past (Jensen 1997), and Nixon and 
Muller (1993, p. 151) note that “specimens that are morpholog-
ically intermediate between Q. coahuilensis and Q. gravesii have 
been collected in the Chisos Mountains of Texas (Q. tardifolia C. 
H.Muller).” While Q. coahuilensis was unavailable for this 
study, it is morphologically similar to Q. hypoxantha and Q. 
miquihuanensis and is purported to be closely related to them 
(Nixon and Muller 1993). If Q. tardifolia were in fact a hybrid 
involving Q. coahuilensis, we would expect to detect Q. 

Fig. 2 STRUCTURE plot of 84 individuals assessed in STRUCTURE dataset 2. Horizontal bars represent individuals, and the different colors 
represent the genomic proportions from ancestral populations (determined by the K value). Classifications and abbreviated sample names are shown 
along the right-hand side. K values from 2 to 7 were explored; K p 4 is the optimal K value using the Evanno method (table S1), and adequately 
illustrates all the divisions seen between groups at higher values of K. STRUCTURE results for all K values are shown in figures S5 and S6.  
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tardifolia as being admixed with Q. hypoxantha, Q. miqui-
huaensis, or both. However, our results indicate that the parent-
age of Q. tardifolia does not include any of these species. Our 
findings provide the first genetic evidence for the origins of Q. 
tardifolia, and we consider the implications both for understand-
ing the relationships between west Texas red oaks and for con-
serving the rare oak taxa in this part of the world. 

Hybridization Patterns and Relationships between  
West Texas Red Oaks 

Our study was motivated by the need to clarify the rela-
tions within this group of oaks, and for the most dominant 
taxa on the landscape, such as Q. gravesii, Q. hypoleucoides, 
and Q. emoryi, our results largely reflect the phylogenetic 
structure previously inferred for Quercus sect. Lobatae (Hipp 
et al. 2020), with Q. gravesii clustering further away from 
clusters composed of Q. hypoleucoides and Q. emoryi. 
Quercus tardifolia consistently emerges as a hybrid, and our 
polyploidy assessments illustrate that Q. tardifolia does not 

constitute a polyploid species. While homoploid hybrid speci-
ation is generally considered rare in plants, it is more common 
between closely related parents than distantly related ones 
(Soltis and Soltis 2009), and recent hybridization in Quercus 
is reported only between species in the same section (Stull et al. 
2023). In spite of an exceptionally long history of hybridization 
in the genus (Zhou et al. 2022), there is only one documented 
homoploid hybrid species in Quercus (Q. afares; Mir et al. 
2006), and the hybrid status of even that species has been ques-
tioned (Denk et al. 2023). Moreover, despite the fact that rare 
polyploids may be found in Quercus (Burda and Shchepotiev 
1973; Butorina 1993), no polyploid species are known in the ge-
nus. Quercus graciliformis, Q. robusta, and Q. canbyi are also 
indicated as hybrids in our clustering analyses, although a more 
detailed assessment with a more thorough sampling effort is re-
quired to confirm this result; nevertheless, our findings may help 
explain the taxonomic confusions surrounding some of these 
names. 

Our clustering analyses group Q. tardifolia individuals 
with the seven recognized Q. gravesii # hypoleucoides sam-
ples included in our dataset (syn. Q. # inconstans); a more 

Fig. 3 Principal component analysis (PCA) of individuals included in dataset 2 of the clustering analyses. Quercus scytophylla, Q. 
miquihuaensis, and several hybrid individuals were removed from this graphic to improve the clarity of the relationships between the most 
abundant taxa; see figure S8 for a PCA of all 84 individuals included in dataset 2. A scree plot depicting the proportion of variance explained by 
each principal component is shown in the bottom left. Each point represents an individual, and the different colors represent different taxa 
determined according to identifications (shown in the legend on the right); taxa group names are simplified for legibility (e.g., Q. tardifolia and Q. 
aff. tardifolia are combined into tardifolia). PC axes correspond to combinations of loci explaining the greatest variance within the data, such that 
points next to one another are more genetically similar.  
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Fig. 4 Phylogenetic network constructed using the Species Networks applying Quartets (SNaQ) program, with a maximum of one hy-
bridization event specified (negative log pseudolikelihood 2079.60). The dotted blue line represents the modeled hybrid edge, as estimated by 
SNaQ. Here, the placement of the hybrid edge indicates Quercus tardifolia as a hybrid sister to Q. hypoleucoides and with 45.28% of its genetic 
material from lineage ancestral of Q. gravesii. Refer to table A1 to see samples included in each group represented in this network.  

Fig. 5 Triangle plot generated by the triangulaR package indicating the interclass heterozygosity and hybrid index of Quercus tardifolia, Q. 
gravesii, and Q. hypoleucoides individuals (seven per group), using an allele frequency threshold of 0.9 (432 markers). The bottom right Q. tardifolia 
individual is SYST-MOR-0007272. Results using allele frequency thresholds of 0.75 and 1.0 are shown in figures S11 and S12, respectively.  



detailed review of the morphological differences between these 
two entities is required to determine whether a continued tax-
onomic distinction between them is warranted (see fig. S2). Ad-
ditionally, our clustering analyses consistently grouped the 
taxonomically distinct entities of Q. hypoleucoides and Q. 
scytophylla together. However, rather than indicating genuine 
shared identity, this result likely stems from the absence of in-
formative loci needed to resolve differences between these two 
groups when analyzed within the wider context of other species 
(i.e., hierarchical structure, a common challenge in such cluster-
ing approaches). Additional STRUCTURE analyses that in-
cluded only Q. hypoleucoides and Q. scytophylla individuals 
distinguished the two (data not shown). 

Our hybridization findings raise additional questions re-
garding the origin of Q. tardifolia and its relation to other 
taxa on the landscape. It is noteworthy that the majority of 
Q. tardifolia samples, regardless of their location, show sim-
ilar patterns of F1 hybridization, with approximately 50% 
ancestry coming from each parental species (figs. 2, 4), because 
while Q. hypoleucoides is known to occur in the Davis Moun-
tains, it is not known to occur in the Chisos (fig. 1). The closest- 
known Q. hypoleucoides occurrences to the Chisos would be 
in the Sierra del Carmen in Coahuila, Mexico, approximately 
40 miles away (Wood et al. 1999). However, one individual 
identified as Q. aff. scytophylla aff. hypoleucoides (SYST- 
MOR-0006692) was located in the Chisos Mountains; whether 
this explains the genetic signatures of Q. hypoleucoides in Q. 
tardifolia individuals sampled from the Chisos requires a more 
focused analysis. The consistent ancestry proportions across 
sampling localities are especially striking given our identification 
of a single backcrossed individual, SYST-MOR-0007272, 
which is located in the Davis Mountains and is proximate to 
other Q. hypoleucoides and Q. tardifolia individuals. The pres-
ence of this backcrossed individual implies that Q. tardifolia hy-
brids are fertile and raises the question of why there is a relative 
absence of patterns of more advanced introgression among the 
individuals observed in the field and in our dataset. There are 
several possible explanations for this trend. First, our sampling 
could have been too limited to include more backcrossed individ-
uals; however, we sampled extensively and endeavored to collect 
a wide range of morphological oddities in the field, which should 
have increased our chances of finding introgressed individuals. 
Second, hybrids may have phenological or ecological differences 
that make backcrossing unlikely. This is possible; we were un-
able to assess phenology in the field, though ecologically the in-
termediates were often codistributed with Q. gravesii. Finally, 
hybrids could be less fit than both parents, leading to main-
tained zones of recurrently formed F1 hybrids (Abbott 2017), 
although we have no data to demonstrate this. Establishing 
which of these scenarios is the case, or whether any individuals 
are backcrossed to Q. gravesii, requires a clearer understanding 
of the extent of reproductive isolation between Q. tardifolia and 
either parental species and perhaps more expansive sampling. 

Ancestry proportions in hybrid individuals are typically ex-
pected to be impacted by the relative abundance and geographic 
proximity of parental species (Lepais et al. 2009; Zeng et al. 
2011; Klein et al. 2017), at least historically (Maze 1968; 
McVay et al. 2017a, 2017b), and the results of our clustering 
analyses correspond to this trend, with admixed individuals 
being represented as intermediates between clusters composed 

of the most abundant species on the landscape. For instance, fig-
ure 2 illustrates Q. graciliformis individuals as being admixed 
between clusters composed of Q. gravesii and Q. emoryi, a trend 
also reflected in our PCA. More refined analyses focused on 
Q. graciliformis and potentially interbreeding species, including 
the type specimen (which was not included in our sampling), 
would help clarify the admixture patterns observed here. 

Caveats 

Despite being widely used for delimiting populations and 
species, it is possible for STRUCTURE and similar clustering 
approaches to represent similarities due to ancient shared an-
cestry between individuals as more recent genetic admixture, 
leading to misinterpretation of resulting bar plots (Lawson et al. 
2018). To account for this in our study, we validated our 
STRUCTURE results by assessing results across K values (Gil-
bert et al. 2012), controlling for uneven sampling (Puechmaille 
2016), and comparing our results with those from other anal-
yses (PCA, SNaQ, heterozygosity comparisons, and hybrid 
class predictions from NewHybrids). Our recognition of the 
Q. tardifolia individuals in this study as homoploid hybrids is 
made more robust by their consistent characterization across 
multiple approaches. 

While our analyses consistently reflect patterns of hybridiza-
tion in Q. tardifolia, aspects of our methodology limit our ability 
to generalize this result across the taxon as it is recognized more 
broadly. Our sampling of Q. tardifolia consists of only seven in-
dividuals from the Davis and Chisos Mountains, which at the 
time of sampling were all known individuals. More recent field 
expeditions have identified Q. tardifolia individuals in more ar-
eas than previously recognized, meaning that the results pre-
sented here are based on a limited number of the locations in 
which Q. tardifolia is found. Additionally, we were unable to as-
sess the genetic makeup (and hybridization status) of the type 
and other historical specimens of Q. tardifolia because of poor 
sequencing results of herbarium samples (which ranged between 
28 and 93 yr old), and across all taxa, our conclusions are limited 
to wild-collected specimens from 2011 to 2022. Approaches 
for assessing historic DNA could be valuable for determining 
whether the clustering patterns shown here are supported or re-
futed by herbarium specimens. 

Conservation Implications and Next Steps 

Quercus tardifolia has previously been assessed as a species 
of concern (Beckman et al. 2019; “Critically Imperiled,” Na-
tureServe, https://explorer.natureserve.org/Taxon/ELEMENT 
_GLOBAL.2.129171/Quercus_tardifolia) but our work raises 
the question as to whether it should be recognized as a species 
at all. Some important conservation implications of our results, 
however, matter whatever the resolution of the taxonomic ques-
tion. While hybrid individuals and hybrid-derived populations 
have often been disregarded as unimportant for the preservation 
of a species, the advent of increasingly accessible sequencing 
technologies has led to a heightened appreciation of both the 
frequency of hybridization in nature and its potential to contrib-
ute to local adaptation in wild populations (Allendorf et al. 
2001). In the United States, the federal protection of hybrids is 
handled on a case-by-case basis under the Endangered Species 
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Act, with little guidance regarding the circumstances under 
which hybrids should be protected (although see Wayne and 
Shaffer 2016). Our results indicating hybrid fertility (as evi-
denced by the presence of a backcrossed individual), as well as 
our relatively limited sampling, suggest that more information 
is needed in order to establish the urgency and value of any con-
servation action. Conservation status assessments under both 
the IUCN Red List and NatureServe criteria are often not con-
ducted for hybrids (IUCN, https://www.iucnredlist.org/about 
/faqs; NatureServe, https://help.natureserve.org/biotics/content 
/record_management/Element_Files/Element_Tracking/ETRACK 
_Definitions_of_Heritage_Conservation_Status_Ranks.htm?) but 
can be applied. In this and similar scenarios, the key question 
is whether the entity in question is worthy of conservation atten-
tion or whether it is a natural spontaneous hybrid. While more 
information is needed to answer this question, the results of this 
study have provided an initial understanding of the origins of Q. 
tardifolia, demonstrating the value that genetic data can add to 
conservation assessments. 

Regardless of its conservation status, the hybrid status of 
Q. tardifolia may be contributing to the persistence of paren-
tal species on the landscape. Hybridization can serve as either 
a threat (via processes such as genetic swamping) or an aid to 
the conservation of parental species (Quilodrán et al. 2020). 
In the Brazilian Cerrado forest, for example, the legally pro-
tected tree Dimorphandra wilsonii was found to be a hybrid 
between two sympatric species and may be acting as a source 
of genetic diversity for one of the parentals (Muniz et al. 
2020). There are many documented examples of hybrid plant 
species serving valuable roles within the ecosystems in which 
they arise. In a system composed of three Populus species, hy-
brids have been shown to affect the geographic distributions 
of gall-forming arthropods (Floate et al. 2016), supporting 
the hypothesis that the presence of hybrid genotypes may re-
duce selective pressures associated with host shifting (Floate 
and Whitham 1993). Changes in the leaf chemistry of hybrid 
individuals can have ecosystem-wide consequences due to 
impacts in decomposition rates (Stange et al. 2021), and 
Helianthus hybrids can withstand extreme environments un-
inhabitable by parental species (Rieseberg et al. 2003), allow-
ing for adaption to new ecological conditions. Adaptive in- 
trogression appears to have played a role in the expansion 
of at least some oaks into novel environments (Leroy et al. 
2020; O’Donnell et al. 2021) and may play an increasingly 

important role in stressful environments as climates change. 
The environmental niches of Q. hypoleucoides and Q. gravesii 
largely overlap, but Q. hypoleucoides has a broader geographic 
range extending to the Sierra Madre Occidental, while Q. 
gravesii is more restricted, with a range extending south into the 
Sierra Madre Oriental (fig. 1). Clarifying how Q. tardifolia fits 
into the larger ecological context of the Trans-Pecos region, and 
whether it serves any unique roles within that context, can help 
to determine what conservation interventions for this rare oak, 
if any, would be warranted. 

Beyond more extensive spatial sampling and comparison 
with historic specimens, the hybrid nature of Q. tardifolia could 
be assessed by conducting controlled crosses between Q. gravesii 
and Q. hypoleucoides and testing the viability of resulting acorns. 
Additionally, phenological observations, like flowering time for 
each species, could be valuable for understanding how these hy-
brid individuals form in the wild, especially given the absence of 
Q. hypoleucoides in the Chisos Mountains. Finally, observa-
tions of Q. tardifolia and its biotic interactions within the Trans- 
Pecos may help to elucidate its ecological role, if any. While our 
analyses have helped to clarify the origin of Q. tardifolia and its 
relationships with sympatric species, further genetic analyses are 
needed to more fully understand the nature of the other rare 
taxa in this region of west Texas and to ensure their protection 
and survival in a changing environment. 
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